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- -The area ol plstic -deformation at a crack tip can be esti-mated using Irwin's plastic zone correction factor derived fromlinear elastic theory. The size of the plastic zone is considered

- - to be-a measure of fracture toughness, since the resistance of a
metal to crack propagation is related to the deformation ahead ."

of the crack tip.

The relationship is confirmed between fracture toughness
and plastic zone size calculated trom elastic consider iions for
-qsel, aluminum, and titanium alloys. Within each of the metal
systems, the calculted plastic enclave increases with increasing
Dynamic Tear (DT) test energy for fracture. However, the plas-
tic zone size Is an unreliable indicator of the amount of energy
absorbed in the formation of the zone when a comparison is made
among different metal systems. For a given size plasfc enclave,
the energy absorbed by the metal during the deformation process
is least for aluminum alloys, while significantly greater for tita-
nium and steel alloys In that order. When brittle alloys are con-

j pared, the difference among metal systems in the quantity of
energy aboorbed to form the zone is considerably diminished.

PROBLEM STATUS

This report completes one phase of the problem; work on
other aspects of the problem is continuing. "
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RELATIONSHIP BETWEEN MRACTURE TOUGHNESS
AND ESTIMATED PLASTIC ZONE SIZE IN STEEL,

MTIT~UM AND ALUMINUM ALLOYS

INTRODUCTION

When a flawy is present in a stressed body, the stresses close to the leading edge b[
the crack determine its stability. As the distance from-the crack tip r approaches zero,
the equations describing the elastic stress field may be computed frome

,,.= cos. 1 + si sin

y T

and

ax -lz co -f1--i-I i 2

where a nominal stiess across the gross section and 0 =polar coordinateanur
measurement;

-7a

X) a a , (3)

where a one-half the crack length and W =specimen-width. It is noted in Eq. (3) that
the stress intensity parameter K Incorporates specimen geometry, crack length, and
applied tensile load in a single parameter (1).I < i'

Although the concentrationl of stresses by the flaw may prodluce a zone of plastic de- i< >.'
formation at the leading edge of the crack, a small plastic enclave will not reducethe
-t efulness boy o rc I n~ue.f the elastic stress field equations in describing the alteration of stresses in li - '

When 0I 0, M~e stress field equations on the crack p lane may reasonably be re-
duced to ,

a, c K,/ %2"-,f - , (4) ''-

a. cc Ki/v2vr, (5) -

r (6K) z)

-211

In this fori.s, e stress stbe in the area of stress intensification at the crack tip is de-

scribed by a single stress field parameter K~r..

When a cracked specmen is placed in tension, the influence of the crack tip plastic ros
zone on the elastic stress field causes the stress field to deviate from the description

LI _ (1),

and
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given by ]Eqs. (1) and (2). The stress field perturbation may he approximated by includ-
ing a correction to the stress value, whtch will account for the Increase In stress in the
area, beyond the plastic zone caused by stress relaxation within the zone. A simpler
technique is to make the approximate correction apply solely to the crack length (1). To
dothis, the yield stress o-is is substituted for a in Eq. (6) to give

YU

The plastic zone radius ry approximates the distance over which stresses are re-
laxed due to plastic flow. The value ry may be added to the crack length to permit the

* plastic zone correction to be included i the K parameter of Eq. (3). The ry approxi-j ,mation has been demonstrated to be a reasonable estimate of the actual size of the plastic
zone radius by Clark (2), who used an etching technique to delineate the enclave in a 3
percent sillcon-iron alloy.

The Dynamic Tear (DT) test provides a sensitive and quantitative determination of
the fixcture toughness energy required to propagate a dynamic fracture (Fig. 1). The
test is conducted under mechanical conditions of limit severity, which include a sharp,
natural crack for initiation of fracture and dynamic loading. Sufficient specimen width Is
incorporated to develop the fracture mode characteristic of the metal. The measured
energy value defines a lower limit of fracture toughness of the metal.

Fig. 1 - Dynamic Tear (W)) test specimen which
measures the energy required to propagate

OEI crack across the specimen width
t F EMBRTTLED1 . E,- WELD

• t~

OYNAM;C T EAR TEST SPECIMEN

The fracture mechanics test characterizes fracture toughness in terms of the elastic
stress Intensity factor K, at the point of crack instability. The K1 , value enables the
calculation of the critical flaw size-stress level relationship as is evident from Eq. (3).

A positive correlation has been established between the Kx I parameter and the DT
test energy values for steel, aluminum, and titanium alloys (3-5). Since plastic deforma-
tion at the crack tip Is common to both the K5 , and DT tests, the correlation may be re-
lated to the energy absorbed by the plastic region. As the load is increased in the Ki,
test, the elastic strain energy Is balanced by the energy required for deformation at the
crack tip. A load will be reached at which the elastic energy will overcome the energy
needed to form the plastic enclave, and the crack will commence unstable extension.
Crack propagation in the DT test also Involves elastic strain energy driving the crack
with resistance to propagation provided by the plastic enclave at the crack tip. Because
crack movement depends on the plastic zone in both tests, the plastic zone size calcula-
tion, which involves Kz values, should be related to the DT energy values. This report

> ,D ,
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describes a relationship which exists between an index of the plastic zone size and f-.ac-
ture toughness as measured by the DT test. A wide variety of steel, aluminum, and tit--
nium alloys are included in the stud.

DISCUSSION

The data which were used to construct the graphs are tabulated tn-Tables I through 3
for steel, titanium, and aluminum alloys, respectively. The K1 ,, values were obtalned
with l-in.-thick Single-Edge-Notchid (SEN) tension specimens -which were f atiged at low
stress levels to form a 0.10-in. fatigue crack at the tip of the edge notch. The SEN spec-
imen (Fig, 2) is similar in design to that employed by other NRL investigators (6), and
K,, was calculated using an experimental compliance calibration. Although-a number of
the specimens did not strictly satisfy the ASTM test procedure recommerdations (?),-the
authors beiieve the values are a close approximation of K10 based on findings in Refs. 8,
9, and 10.

V10

3 Fig. 2- Single- Edge-Notched (SEN) tension spec- ,o4-SRArn
imen used to obtain K I. values. The displace- _.. 4- s

ment gage is placed in the edge notch to monitor 13
crack opening displacement. o. -.- t5

OiSPLAC EMIVCNTGAGE

StGLE-EOGE- NOTCHED ,
TENSION SPECIMEN

~-5-
SMOOTH

In Fig. 3, the index of the plastic zone size is plotted against the strength-to-derisity
ratio YS/p for the steel, aluminum, and titanium alloys involved in tds investigation,
The metal systems fall into three distinct bands. For each metal an inverse relationship
is evident as the plastic zone size index decreases logarithmically with an increasing
YS/p. This would be expected, since the plastic zone size is a measure of toughness and
fracture toughness is inversely proportional to YS.

For a given YS/p, aluminum alloys generate the smallest plastic enclave, while
titanium is associated with the largest zone. Because the ordinate is a logarithmic scale,
the difference among the metals is quite pronounced. For instance, at a YS/p of 750 in.,
the (K1/YS) values are 0.078, 0.25, and 0.69 in. for aluminum, steel, and titanium, re-
spectively. Thus, Fig. 3 indicates that for a given strength-to-density ratio, the largest
plastic zone and therefore inferentially the toughest of the metals is titanium, with steel
and aluminum followv.ng in that order.

i' '-
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Table 2
Mechanical Properties of Titanium Alloy

Frac- 0 2 /
Materh- te y Energy

Designaton Direc- (ksl--,M) (Ln.) .) (l-Ib/kJ) (10, in.) x.O1C

T-20 - r
Ti-6AI-4Sn-IV RW 127.3 735 88 0.45 0.047 4.-25 777 7.97
T-21 j1.90
Ti-6AI-6V-2.5 Sn WR 152.0 275 61 0.16 0.017 1.33 927 9.5LT-21A

TI-6AI-6V-2.5 Sn RW 166.7 421 60 0.13 0.014 1.86 1016 10.42
T-21B
TI-6A1-6V-2.5 Sn RW 129.7 550 82 0.40 0.042 3.11 792 8.12
T-21B
Ti-6AI-6V-2.5 Sn WR 135.6 743 78 0.33 0.035 4.03 827 8.48
T-21C
TI-6A1-6V-2.5 Sn RW 137.2 500 81 0.35 0.0371 2.68 IjZ'z 8.58
T-21C t. ;-TI-6AI-6V-2.5 8n WR 137.2 717 74 0.29 0.031 3.84 837 8.58
T-21D

T-OAI-OV-2.5 Sn RW 186.0 185 3U 0.03 0.003 0.73 J158 11. 61T-23

TI-8AI-2Cb-ITa RW 112.0 1750' 118 1.11 0.118 11.50 3- 7.00T-27A +°

~T-27A
Ti-6AI-4V WR 140.1I 3 108 0.60 0.064 4.88 860 8.76 +

T-36

TI-6.5AI-5Zr-IV WR 124.5 960 97 0.61 0.065 5.67 7c0 7.79

TI-6A1-4Zr&-Mo WR 135.7 990 115 0.72 0.076 5.37 827 8.28

Ti-6AI-4Zr-2Mo WR 132,0 748 99 0.56 0.059 4.17 805 8.25
T-67
Ti-6AI-4V-2 Sn RW 115.8 888 104 0.81 0.086 5.65 705 7.A
T-67A -
Ti-6AI-4V-2 Sn RW 129.8 540 83 0.41 0.044 3.06 7.42 8.12
T-67B
TI-6AI-4V-2 Sn RW 122.0 900 104 0.73 0.077 5.42 745 7.64
T-68A
TI-6AI-4Zr-2 Sn-
0.5 Mo-0.5V RW 117.5 1385 124 1.11 0.117 8.68 717 7.35
T-68B
Ti-6A1-4Zr-2 Sn-
0.5 Mo-0.5V RW 119.2 1470 115 0.93 0.099 9.07 728 7.46
T-68D
Ti-6AI-4Zr-2 Sn-
0.5 Mo-0.SV RW 121.3 1043 131 1.17 0.124 6.34 741 7.59
T-68E
Ti-6A1-4Zr-2 Sn-
0.5 Mo-0.5V RW 121.5 1182 127 1.09 0.116 7.18 742 7.60

*This DT test value represents the WR fracture direction.

___________+ _ _ 'it'+
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oez of the Plastic zone size (Kr /YS)2

A similar concLislo may be drawn from Fig. 4 in which the plastic zone index is
compared Vth YS ty-airalized by the Modulus of Elasticity E. An inverse relationship
is manifested betw*en (K/YS)2 and the yield strength-to-modulus ratio, and the relative
crdering of the metal systems in terms of increasing toughness is aluminum, steel, -nd
itanium. The I eased scatt.er of data points at high (K1 /YS) 2 values, for Ste.el alloyS

in Figs. 3 and 4, may be a reflection of the decreasing accuracy of K . v2lues for alloys
exhibiting considerable fracture toughness.

The Inferences drawn from Figs. 3 and 4 are disputed by the results depicted in
Fig. 5 When the plastic zone slzeIndx plottedagainst DT energy- the order of tough-nesbetween steel and Uranium alloys is reversed. For any (K. 3 ) value above 0.1 in., °: ,
it Is evidedc that eee! alloys are associated with far higher DT energy valu es than the +." :
titnium alloys. Thus, for a given plastic zone size, the energy required to create the
plastically do.formed enclave cannot be accurately d~scezned by a normalized YS crlteria,
such as w-s employed in Figs. 3 and 4.

Within a metal system, the size of the plastic zone may be an adequate standard to
estimate the relative toughness of different alloys. In Fig. 5 the plastic zone size index
!creases as the DT energy is increased for each of the three metal systems indicating
that the enclave size is related to the deformation energy required to produce the enclave. -

"Woo"
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Fig. 4 - The yield strength-to-modulus
ratio vs the plastic zone size Index for
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Fig. 5 - RelatEonship of !he plastic zone size index to
the energy required to create the zone. The DT en-

erg value indicates the resistance of the metal to
crack propagation due to the plastic deformation at Ithe crack tip, ' .

However, plastic zone size is not a reliable indicator of the amount of energy absorbed *.in creating the zone when different metal systems are compared. As Fig. 5 indicates" '

when the energy to form the zone is plotted on the abscissa in place of a normalized YS
factor, the order of toughness of the metals may be affected, although for very brittle
alloys which are associated with small plastic zones, It is more difficult to discern the
influence of the metal system or the energy required to cause plastic deformation. From
the viewpoint of rating metal systems as to their resistance to crack propagation, the
crierion of enclave size may be misleading if other mechanical and metallurgical as- .., -
pects of the deformation process are not also considered.

The fracture toughness-yield strength relationship for steel, titanium,. and aluminum
alloys Is plotted in Fig. 6. The curve for each of these metals is the Technological Limit
Line which represents the toughest alloys produced for a given YS as defined by all data
available to date. The correlation between K, , and DT energy for these metals enables I
the estimation of Kjc values from DT energy values and taie subsequent conversion of the , ..
K, number into a flaw sIze-stress level relationship.

Each of the Technological Limit curves has been overlaid with two lines: the solid
line is defined as the KIC/YS upperbound for i-in.-thick specimens using ASTM criteria,
and the dashed line indicates an approximate KQ/YS upper boundary. Those alloys which
have KIJYS ratios below the ASTM line represent alloys from which K1, values can be
obtained which are in accord with ASTM standards for 1-In. plate (7). The KQ/YS rati& f
line indicates a tougher region in which Investigators have found the KQ values equal to
or approximately Xi,, (8-10). .

- - - --- -

~. : -- -
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The area below the K/YS ratio lines on the Technological Limit (T.L.) curves in
Fig. 6 demonstrates the restricted toughness range over which plane strain fracture me-
chanics is applicable relative to the full toughness spectrum for each metal system.
Furt-er, the absolute toughness difference between the upperbound ASTM plane strai
line and the upper shelf of these strength transition curves rvt:es markedly among the
metal systems. While 250 It-lb correspond to the ASTM upperbound ratio .value for
1-in.-tUick aluminum alloys on the T.L. curve, the toughest aluminum alloys represented
by the upper shelf require only about 1700 ft-lb of energy to propagate a crack in a DT
specimen. When this 1450-ft-lb difference is compared to a 5000-ft-lb difference-found
for steel alloys, it becomes evident that not only do the toughest zalminum alloys require
considerably less energy to move a crack than eithe- steel or the intermediate titanium
alloys, but the toughness range over which the other metals will fail by stable c,-ack
propagation is mueh larger than for aluminum alloys.

It sho ld be noted that when the K,,/YS ratio of the metal approaches the ASTM
upperbound value there Is no assurance that Initial elongation of a prexisting cratw.t F1
result in continued unstable crack propagation, although the ratio meets ASTM stan&rd,.
Some crack growth may be requh'ed before the critical crack length-stress level rela-
tionship is attaiv d which Is suffi.ent to cause unstable propagation. To the-designer-
engineer, the ability to predict the onset of initial crack movement which is followed by
either stable growth or crack arrest in of limited usefulness. The-development of a test
procedure which will allow determln,'don of the stresE-flaw size relationship for a stress
state other than planie strain Is needed to a-alyze the alloys which He above theK -jc /YS
upperbound but which are stil subject to crack propagation under elastic loading condi-
lhons. This proedure would also aid the designer n the interpretation of KI values
which are characterized by stable crack growth following initial crack movement.

The approximation of the plane strain plastic zone size 2r is coempared to the DT
energy normalized by YS for steel, titanium, 2nd aluminum alloys in Figs. 7, 8, and 9,
respectively. The normalization of the DT energy has the effect of reducing the scatter
present in Fig. 5. These graphs permit the estimation of the size of the pLastically de-
formed enclave from the mechanical propearties derived from two strAiorward engi-
neering testsl.

0225 1'
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Fig. - Comparison of DT energy normoalized Cx) 0.124
byYS to !Je planestrain ;lstic zo-iesize(2r..) /
for steel1 alloys 010
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